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A structured approach to managing reactive power is imperative within the context of power systems.
Among the restructuring initiatives in the electrical sector, power systems have undergone delineation
into three principal categories: generation, transmission, and distribution entities, each of which is
overseen by an independent system operator. Notably, active power emerges as the predominant
commodity transacted within the electrical market, with the autonomous grid operator assuming

the responsibility of ensuring conducive conditions for the execution of energy contracts across

the transmission infrastructure. Ancillary services, comprising essential frameworks for energy
generation and delivery to end-users, encompass reactive power services pivotal in the regulation of
bus voltage. Of particular significance among the array of ancillary services requisite in a competitive
market milieu is the provision of adequate reactive power to uphold grid safety and voltage stability.
A salient impediment to the realization of energy contracts lies in the inadequacy of reactive power
within the grid, which poses potential risks to its operational safety and voltage equilibrium. The
optimal allocation of the reactive power load is predicated upon presumptions of consistent outcomes
within the active power market. Under this conceptual framework, generators are afforded continuval
compensation for the provision of reactive power indispensable for sustaining their active energy
production endeavors.

Keywords Reactive power, Voltage stability, Ancillary service, PSO algorithm

Reactive power dispatch constitutes a fundamental component of power system operations, primarily tasked
with the regulation of voltage stability and attenuation of line losses! . Particularly within distribution systems
and microgrids, where the resistance-to-reactance ratio surpasses that of transmission systems, the implemen-
tation of localized reactive power compensation holds substantial potential in diminishing power losses and,
consequently, operational expenditures®'°. In pursuit of local reactive power provision, numerous scholars have
investigated the optimal allocation and operational strategies concerning reactive power compensation devices
within distribution systems!!'>. The study presented in reference'® introduces a novel slack bus independent loss
allocation methodology tailored for the bilateral market setting. Within this framework, the generator assumes
responsibility for supplying power to both loads and their accompanying losses, thereby distributing the total load
and its associated losses among all generators interconnected within the network. In contrast, reference!” outlines
an alternative loss allocation technique wherein generators and loads are depicted as current injections and
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impedances, respectively. Employing principles derived from circuit theory and the Aumann-Shapley method,
this approach offers a refined mechanism for loss allocation'®~?2. Furthermore, the paper proposes a fresh pricing
model applicable to bilateral, pool, and reserve markets, leveraging the optimal power flow (OPF) paradigm>-?’.

In reference®, researchers employed an ant colony optimization (ACO) algorithm to optimize the overall
cost of electrical energy generated by distribution companies (Discos) and distributed generators (DGs) within
the framework of the daily voltage/var control (VVC) problem. Conversely, reference® presented a novel fuzzy
price-based compensation methodology designed to address the daily VVC conundrum in distribution systems
amid the presence of DGs. Furthermore, in reference?, a pioneering optimization algorithm centered on a chaotic
improved honey bee mating optimization (CIHBMO) approach was implemented. This algorithm facilitates the
determination of critical control variables for the subsequent day, encompassing the active and reactive power
of DG units, reactive power settings of capacitors, and tap positions of transformers. Similarly, reference® intro-
duces a fuzzy adaptive chaotic particle swarm optimization (FACPSO) technique to address the multiobjective
optimal operation management of distribution networks inclusive of fuel-cell power plants. In*'-*, a methodol-
ogy for minimizing active power losses and microgeneration shedding was proposed. This approach aims to
achieve optimized and coordinated voltage support within distribution networks characterized by significant
integration of DGs and microgrids. Finally, in reference®*’, an innovative approach combining an analytic
hierarchy process (AHP) strategy with a binary ant colony optimization (BACO) algorithm was employed to
resolve the multiobjective daily VVC problem encountered in distribution systems. The slime mold algorithm
(SMA) is a nature-inspired optimization algorithm inspired by the behavior of slime molds, which are simple
organisms capable of complex behaviors such as pathfinding and optimization. This algorithm is particularly
useful for solving optimization problems, inspired by the ability of slime molds to find efficient routes in complex
environments. In***!, a sliding mode algorithm (SMA)) search strategy was proposed for solving the optimal
power flow (OPF) and reactive power dispatch problem. The Runge—Kutta method is a numerical technique
used for solving ordinary differential equations (ODEs) and systems of ODEs and was used for analysis and
load power flow dispatch in*2. HHO is a nature-inspired optimization algorithm in which each potential solu-
tion is represented as a bird in a population, and these birds collaborate to find the optimal solution to a given
optimization problem. The algorithm simulates the hunting behavior of Harris’s hawks, including exploration,
exploitation, and communication among individuals.**=** used the HHO method to optimize the reactive and
active power flow to stabilize the voltage.

Given the significantly greater share of active power generation costs compared to reactive power generation
costs, the attention devoted to the behavior of the latter in the reactive market tends to be relatively diminished.
However, in fuzzy references*>*’, a model is introduced that aims to simultaneously minimize the total cost
associated with active and reactive power generation. This research endeavors to devise a model for optimizing
the distribution of reactive power, taking into consideration not only the maintenance of voltage levels within
permissible thresholds but also the preservation of voltage stability throughout operational phases**~>".

In this study, a hybrid approach incorporating the generator cross-section auction model®*~> and static com-
pensator cost functions is employed. Moreover, the model encompasses the calculation of both the active and
reactive power outputs of generators, along with the determination of reactive power levels for compensators
and the associated cost of transformer tap changers. It is noteworthy that this methodology assumes constant
outcomes in the active market, with considerations also given to the temporal evolution and fluctuation of grid
load. Notably, this method neglects the slack bus generator from certain considerations**~>%. The motivation
for using particle swarm optimization (PSO) for reactive power dispatch (RPD) in power systems arises from
several factors. Complexity of the Problem: Reactive power dispatch is a complex optimization problem involv-
ing nonlinear equations, multiple constraints, and a large solution space. PSO, as a metaheuristic optimization
algorithm, offers a robust and efficient way to search through this complex solution space to find near-optimal
solutions. Multidimensional Search Space: Reactive power dispatch involves adjusting the settings of various
reactive power devices, such as generators, capacitors, and transformers®-* The ability of PSO to explore
multidimensional search spaces makes it suitable for finding optimal or near-optimal configurations of these
devices to improve system performance. Real-Time Application: PSO is known for its computational efficiency,
which is crucial for real-time or near-real-time applications in power systems. Reactive power dispatch needs
to be performed rapidly to maintain system stability and reliability, and the fast convergence properties of PSO
make it suitable for such applications. Adaptability and Tunability: PSO is highly adaptable and adaptable to
specific problem characteristics and requirements. This flexibility allows researchers and engineers to customize
the PSO algorithm to suit the unique aspects of reactive power dispatch problems, such as incorporating penalty
functions or adjusting inertia weights®-¢7.

The subsequent sections of the paper are structured as follows:

® Section “Voltage stability margin index” discusses the voltage stability margin and examines its correlation
with the power grid load and stability.

® Section “Optimal reactive power planning model” elucidates the planning model devised for reactive power,
outlining its fundamental principles and methodologies.

® Sections “Problem objective function” and “Inequality constraints” are dedicated to identifying the objective
function and constraints inherent in the proposed model, respectively.

® Section “Using particle swarm optimization to solve the second mode optimization” provides an in-depth
explanation of the Particle Swarm Optimization (PSO) algorithm utilized for optimizing the model, along
with the presented results.

® The concluding section encapsulates the findings and implications drawn from the study, offering insights
and potential avenues for future research.
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Voltage stability margin index

There is currently a strong economic incentive to utilize the entire capacity of the electricity system®-"!. The
independent grid operator must be aware of the stability status and the distance to the edge of grid instability
since rising power generation and demand are pushing the system to the point of instability*=3"*. It is a valu-
able indicator for making judgments since it can quantify the distance from the absolute location of the system’s
instability to the grid operator. The grid load limit index, which can be used as a gauge of the maximum voltage
stability margin, is the sole indicator that possesses this property’>~”>. The voltage diagram is shown in Fig. 1 as
a power diagram, where vsm denotes the system’s loading parameter. This graph demonstrates that even when
the system’s overall load is increased by a factor of vsmPy, voltage collapse does not occur.

Optimal reactive power planning model

This section presents a model that integrates operational reactive power management considerations. Voltage
stability, a critical aspect influenced by various factors, including the spatial arrangement and magnitude of active
power generation across the grid, the configuration of the distribution system, and the placement of reactive
power supply assets**-*2, is of paramount importance. In light of these multifaceted determinants, this section
endeavors to delineate a reactive power distribution system that not only prioritizes voltage stability during
operational phases but also ensures the preservation of voltage amplitude within acceptable limits.

Problem objective function

With increasing system load, Qggni and Qspi in the equation below indicate the reactive energy obtained from
the i-th generator and the i-th static compensator, respectively. A P{lack is the additional power obtained from the
slack bus generator to increase the load and offset losses, and AT7; is the modification to the ith transformer’s
conversion ratio. yr; The cost of reactive electricity generated by the i-th generator is determined by the i-th
generator’s auction price function and this statement. The cost of acquiring static reactive power compensation
for the grid is included in the second expression to the right of this equation, and the cost of changing the taps
on transformers is included in the third expression. The final sentence also includes the price of the electricity
drawn from the slag bus generator.

NGen
MinF(Qgen, Qst, AP, AT) = Z AGENi (QGENi)
i—1
NsH Nr @
+ ) Coni(Qsm) + Y, Cri(ATri) + C(AP)
iz im1

Equality constraints

The equality of the active and reactive power produced with consumption is one of these restrictions. In this
instance, it is presumable that generators are the only source of the necessary reactive power. Both the zero voltage
angle of the slack bus and the stability of the voltage size of the bus with the generator are considered equal con-
straints. The active power equalization limits only consider the active power produced by the slack bus generator
when the system experiences a rapid increase in load during operation. The reactive power equalizer restrictions
also include static compensators in addition to generators. In this case, the stability of the active power produced
by the generators, with the exception of the slack bus generator, is regarded as an equality requirement.

A Predefined
Voltage JLoading Margin
V.. Collapse
min §< ; >: point
: Max. Load Margin ~ § /
: (Practically) Y
Max Load Margin (theoretically)
! =Voltage Stability Margin
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Figure 1. Voltage diagram in terms of the power grid load and voltage stability.
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Inequality constraints
Static compensators, generator output power, and reactive power generation or absorption capacity are used
as inequality restrictions. The permitted range of changes in the transformer Tap, the temperature limit of the
transmission lines, and the size and angle of the bus voltage are further inequality restrictions. The reactive
power auction for a generator’s entire curve is shown in Fig. 2. Figure yggn; shows the reactive power obtained
from the i-th generator cost.

A generator’s maximum reactive power output is determined by the quantity of active power generation,
following its operating capability curve. Taking the Slack Bass generator used in this project as an example, the
auction function is as follows:

—1.5QgEN2 — 0.2 —0.2 < Qgen2 < 0.12
_ 1.6 0 < Qgen2 < 0.3
YGEN2(QGEN2) = 1 0.3 < Qugna < 0.5 ()

8QgEN2 — 2.2 —0.2 < Qgen2 < 0.12

The price per megawatt of production is calculated at $15, with the cost of creating reactive power for static
compensators being considered to be fixed. Moreover, the price per unit to replace the transformer’s tap is $15.
This system has 12 transformers with tap changers, 4 reactive power compensators installed in buses 4, 8, 15,
and 27, and 10 generators. The term “slack bus generator” is used to describe the generator linked to bus 31 (see
Fig. 3).

This section presents the results obtained from computations conducted using MATLAB software tools.
The outcomes of optimization utilizing the Particle Swarm Optimization (PSO) algorithm will be discussed
in a subsequent section, accompanied by a comparative analysis against existing methodologies. The analysis
commences with the allocation of active power over a specific time period. Initially, generators constitute the
sole source of reactive power required for the system. Subsequently, a scenario in which there is an unexpected
increase in the total active power demand by a factor of {=0.01 following the optimal allocation of active power
to the grid’s top is considered. In response to this situation, a decrease in bus voltages is observed, necessitating
the provision of reactive power to rectify the voltage reduction. Furthermore, it is assumed that the active power
output of the generators, excluding the slack bus generator, remains constant.

Following the resolution of the model, the following conclusions are drawn for both scenarios. The active and
reactive power allocations for the generators are detailed in Table 1, while Table 2 presents the reactive power
ratings for the static compensators. The transformer tap changer specifications are provided in Table 3, and the
quantities and voltage angles of the buses are tabulated in Table 4. Additionally, Table 5 delineates the associated
expenditures for each state, along with the supplementary costs incurred in the second state.

Using particle swarm optimization to solve the second mode optimization

This paper initially introduces the proposed methodology employed herein, followed by an elucidation of the
Particle Swarm Optimization (PSO) technique. The PSO method, an optimization approach inspired by simulated
animal behavior, originated in the 1990s. Specifically, Eberhart and Kennedy pioneered a technique for PSO
based on behavioral analogies observed in fish and birds. A notable characteristic of this method is its capacity
to operate based on relatively simplistic rules.

The underlying principle of the PSO technique revolves around the concept that individuals base their deci-
sions on two types of information: personal experiences and observations of others’” experiences. Individu-
als explore various options to discern their relative superiority and desirability, drawing upon their own past
encounters. Additionally, they also consider the behaviors and outcomes of those in their proximity, leveraging
external experiences to inform their decision-making process. Therefore, using the following information, each
particle strives to enhance its position:

® Vector of the current position
e Current velocity vector

Proposed reactive cost

}/ GENi A

e e n-——

i }/ g0
Qmin Q] O Q.’ Qrm\’

Reactive output power QGIM

Figure 2. Generic generator auction curve for reactive power.
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Figure 3. IEEE 39-bus system.

GEN | Pgent (MW) | Pgeny (MW) | Qgent (MVar) | Qgeny (MVar)
Gl 350 350 160.077 —-3.609
G2 242.24 303.11 168.237 28.15
G3 614.46 614.46 199.999 199.99
G4 635.267 635.267 117.079 4.2107
G5 542.254 542.254 173.286 197.54
G6 747.742 747.742 237.701 178.8
G7 581.993 581.993 112.859 199.93
G8 621.277 621.277 11.6495 149.559
G9 762.445 762.445 9.7522 87.888
G10 1100 1100 88.0324 149.98

Table 1. Active and reactive power allocated for generators.

Static compensator | Qg (MW) | Qy, (MW)
Sh1(bus4) 0 25
Sh2(bus8) 0 24.986
Sh3(busl5) 0 17.85
Sha(bus27) 0 0.010169

Table 2. Assigned reactive power of the static compensators.
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Bstart — Bdestination | Tapl | Tap2

12—11 1.006 | 1.00844
12—13 1.006 | 1.01185
6— 31 1.07 1.00159
10—32 1.07 1.01609
19—33 1.07 1.00055
20—34 1.009 | 0.98155
22—35 1.025 | 1.00933
23—-36 1 1.02094
25—37 1.025 | 1.01279
2—30 1.025 | 0.99885
29—38 1.025 | 1.00577
19—20 1.06 1.00217

Table 3. Changeer transformers.

e The distance between the current position and the most advantageous position encountered
® The separation between the present position and the particle swarm’s optimal position

The following equations can be used to formulate position adjustment, in accordance with the aforemen-
tioned sentences:

ViN+1 = MV,-N + Jirand, x (pbest; — ZiN)

(3)
+ Jorand, x (gbest — ZlN)
and
M — Mpi
M = Mgy — ——x T o jter (4)
1termax
ZiN+1 _ ZzN + ViN+1 )

where z)Y is the current position of the i-th particle in the k-th iteration, pbest; is the best position the i-th part
has ever experienced, and gbest is the best experienced position of the particle swarm. V;" is the velocity vec-
tor of the i-th particle in the k-iteration, w is the weighting function, J; is the weighting coefficient, and rand is
the random vector of particle i between zero and one. Additionally, Mmax and Mmin are the highest and lowest
weights, respectively, itermax is the number of repetitions, and iter is the current repetition.

Experience has demonstrated that the following values Mmin = 0.4 and Mmax = 0.4 J; = 2 for these param-
eters are appropriate for power system issues. The main advantages of this technique are shown in Fig. 4:

This research proposes an approach that surpasses customary methods in both accuracy and speed. Spe-
cifically, if a particle’s current position in each iteration proves to be inferior to its best-experienced position,
an adjustment is made to its velocity vector. This adjustment aims to propel the particle’s future position away
from its current location, thereby averting movement toward unfavorable conditions in subsequent cycles. This
adjustment is mathematically expressed as follows:

VN = MV + Jyrand, x (pbest; — ZN)

6
+ Jorandy x (gbest — ZI-N) + Jzrands x (ZlN — pworse;) ©)

where pworse; is the place prior to the I particle that has poor experience. To address the optimal distribution
of reactive power during operation, it is essential to define the variable vector for each particle. The grid under
consideration encompasses 39 buses and 12 transformers equipped with tap changers, resulting in a total of 90
entries for each particle’s variable vector. Specifically, the first 39 entries pertain to the bus voltage magnitude,
the subsequent 39 entries correspond to the bus voltage phase angle, and the final 12 entries are associated with
the tap settings of the transformers.

In this optimization strategy, 200 particles were employed, and 100 iterations were conducted to ensure con-
vergence. The optimization outcomes achieved through this method are illustrated in Fig. 5, which also displays
the power generated by generators before and after a significant increase in load. The transformer tap changer
settings are provided in Table 6, while Table 7 outlines the allocated reactive power for the static compensators.
Tables 8 and 9 present the quantities and voltage angles of the buses. Furthermore, Table 10 provides details
on the expenditures associated with each mode, including the additional costs incurred in the second mode.

The active generating power of generators using two optimization techniques is compared in Fig. 6. In Fig. 7,
two approaches to maximizing the reactive power produced by generators are compared. Figure 8 An unexpected
increase in the load’s additional cost using two different techniques.
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BUS V_busl(pu) | V_bus2(pu) | Delta_busl(rad) | Delta_bus2(rad)
B1 1.046 1.0518 —-0.0069 —-0.02881
B2 1.047 1.0452 0.0387 0.018100
B3 1.027 1.0220 -0.028 —0.04888
B4 1.0031 0.9896 -0.0718 —0.08946
B5 1.005 0.9860 —-0.07039 —0.08422
B6 1.0081 0.9865 —-0.063 —-0.07553
B7 0.9975 0.9789 —-0.095 —-0.11054
B8 0.99 0.9796 —-0.1012 —-0.11710
B9 1.028 1.0268 —-0.0618 —-0.08123
B10 1.017 0.9993 -0.0121 —-0.02526
B11 1.012 1.1000 —-0.0292 —-0.04218
B12 1.00016 0.9855 —-0.0258 —0.03948
B13 1.0142 0.9500 —-0.0201 —-0.03439
B14 1.0110 0.9967 -0.0379 —-0.05493
B15 1.01323 1.0032 -0.019 —-0.04108
B16 1.0294 1.0200 0.0161 —0.00652
B17 1.0315 1.0278 -0.004 —-0.02759
B18 1.0288 1.0242 -0.02 —-0.04334
B19 1.048 1.0242 0.103 0.084106
B20 0.99 1.0997 0.083 0.064473
B21 1.0288 1.0197 0.0678 0.045418
B22 1.047 1.0393 0.155 0.134249
B23 1.042 1.0399 0.15 0.128122
B24 1.0347 1.0262 0.0207 —-0.00210
B25 1.0568 1.0687 0.0646 0.033362
B26 1.052 1.0719 0.025 —-0.00383
B27 1.036 1.0459 —-0.008 —0.03453
B28 1.051 1.0938 0.072 0.037733
B29 1.051 1.0999 0.116 0.077136
B30 1.047 1.1000 0.0979 0.076119
B31# 0.98 0.9500 0 0

B32 0.98 1.1000 0.119 0.098096
B33 0.997 0.9500 0.19 0.170165
B34 1.0123 1.1000 0.180 0.149459
B35 1.0493 1.1000 0.255 0.233393
B36 1.0635 0.9500 0.292 0.274081
B37 1.0278 1.1000 0.2 0.159096
B38 1.0265 0.9500 0.229 0.175011
B39 1.03 1.0392 -0.034 —-0.05646

Table 4. Amount and voltage angle of the buses.

Total cost 1($)

Total cost 2($)

Additional cost($)

38,010.93

44,140.605

6129.675

Table 5. The related costs of each state as well as the additional costs incurred in the second state.

Conclusions and discussion

Reactive power plays crucial roles in power system reliability and security. Market participants utilize the net-
work differently to maximize their profits. This means that their effects on the system, such as losses, can also be
different. The development of a fair and accurate loss allocation scheme for real and reactive power is important
for avoiding cross subsidies and obtaining the correct charge for each participant. To minimize costs, this paper
introduces a model for the optimal allocation of reactive power. Technically, this model utilizes the voltage stabil-
ity margin as a safeguard for operational safety and ensures the attainment of maximum active power contracts
in the market from an economic standpoint. Reactive power provision is regarded as an additional service within
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Figure 4. General process of particle swarm optimization.
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Figure 5. Amount of objective function (additional cost in dollars) during 100 repetitions.

GEN PGenl (MW) | PGen2PSO (MW) | QGenl (MVar) | QGen3 PSO (MVar)
Gl 350 350.162 160.077 21.872
G2 242.24 303.158 168.237 30.058
G3 614.46 614.690 199.999 200.00
G4 635.267 637.043 117.079 30.202
G5 542.254 541.863 173.286 173.35
G6 747.742 747.630 237.701 237.72
G7 581.993 579.594 112.859 112.94
G8 621.277 621.048 11.6495 50.154
G9 762.445 762.432 9.7522 53.115
G10 1100 1100.66 88.0324 89.020

Table 6. Amount of active and reactive power generated by generators before and after sudden increase in
load.
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Bstart — Bdestination | Tapl | Tap2_PSO
12—11 1.006 | 1.008
12—13 1.006 | 1.011
6—31 1.07 1.001
10—32 1.07 1.016
19—33 1.07 1.002
20—34 1.009 | 0.980
22—35 1.025 | 1.013
23—36 1 1.010
25—37 1.025 | 1.002
2—30 1.025 | 1.000
29—38 1.025 | 1.003
19—20 1.06 1.001

Table 7. Changeer transformers.

Static compensator Qshl | Qsh2_PSO
SH1 (bus4) 0 -0.00724
SH2 (bus8) 0 0.026266
SH3 (busl5) 0 ~0.01454
SH4 (bus27) 0 0.045428

Table 8. Assigned reactive power of the static compensators.

this framework. The efficacy of the proposed model has been evaluated using the 39-bus IEEE system, and simula-
tion results employing the particle swarm optimization algorithm showcase its ability to achieve optimal reactive
power allocation during operation, notwithstanding the constraints of the market environment.
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BUS V_busl (pu) | V_bus2_PSO (pu) | Delta_busl (rad) | Delta_bus2_PSO (rad)
B1 1.046 1.04782 —0.0069 —-0.0285
B2 1.047 1.04557 0.0387 0.01788
B3 1.027 1.02199 -0.028 —-0.0489
B4 1.0031 0.98828 -0.0718 —-0.0893
B5 1.005 0.98589 —-0.07039 —0.0842
B6 1.0081 0.98665 —-0.063 —-0.0755
B7 0.9975 0.97892 -0.095 —-0.1105
B8 0.99 0.97901 -0.1012 -0.1170
B9 1.028 1.02968 -0.0618 —-0.0815
B10 1.017 0.99934 -0.0121 —-0.0252
B11 1.012 1.1 —-0.0292 —0.0422
B12 1.00016 0.98547 -0.0258 -0.0395
B13 1.0142 0.95 -0.0201 —-0.0344
B14 1.0110 0.99657 -0.0379 —-0.0548
B15 1.01323 1.00205 -0.019 —-0.0408
B16 1.0294 1.02000 0.0161 —-0.0064
B17 1.0315 1.02780 —0.004 -0.0275
B18 1.0288 1.02422 -0.02 —-0.0433
B19 1.048 1.02720 0.103 0.08396
B20 0.99 1.09999 0.083 0.06447
B21 1.0288 1.02004 0.0678 0.04534
B22 1.047 1.03965 0.155 0.13401
B23 1.042 1.03502 0.15 0.12811
B24 1.0347 1.02598 0.0207 —-0.0021
B25 1.0568 1.06801 0.0646 0.03376
B26 1.052 1.07176 0.025 —0.0038
B27 1.036 1.04582 —-0.008 —0.0345
B28 1.051 1.09410 0.072 0.03770
B29 1.051 1.1 0.116 0.07712
B30 1.047 1.1 0.0979 0.07589
B31# 0.98 0.95 0 0

B32 0.98 1.1 0.119 0.09813
B33 0.997 0.95 0.19 0.16959
B34 1.0123 1.1 0.180 0.14939
B35 1.0493 1.1 0.255 0.23308
B36 1.0635 0.95 0.292 0.27527
B37 1.0278 1.1 0.2 0.16015
B38 1.0265 0.95 0.229 0.17522
B39 1.03 1.03106 -0.034 —-0.0561

Table 9. Amount and voltage angle of buses.

Total cost 1 ($)

Total cost 2_PSO ($)

Additional cost ($)

38,010.93

39,739.0635

1728.1335

Table 10. Costs corresponding to each mode and additional costs imposed in the second mode.
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Figure 6. Comparison of two optimization techniques in terms of the active generating power of generators.
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Figure 7. Comparison of two methods for optimizing the reactive power generated by generators.
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Figure 8. The additional cost of a sudden increase in load in the two methods.

Data availability

The data can be shared upon request to the corresponding author.

Received: 25 February 2023; Accepted: 6 May 2024
Published online: 13 May 2024

References

1.

2.

3.

Gandhi, O., Rodriguez-Gallegos, C. D., Zhang, W,, Srinivasan, D. & Reindl, T. Economic and technical analysis of reactive power
provision from distributed energy resources in microgrids. Appl. Energy 210(5), 827-841 (2018).

Belati, E. A. & da Costa, G. R. M. Transmission loss allocation based on optimal power flow and sensitivity analysis. Int. J. Electr.
Power Energy Syst. 30(4), 291-295 (2008).

Molina, Y. P,, Saavedra, O. R. & Amaris, H. Transmission network cost allocation based on circuit theory and the Aumann-Shapley
method. IEEE Trans. Power Syst. 28(4), 4568-4577 (2013).

. Stacke, F. & Cuervo, P. A combined pool/bilateral/reserve electricity market operating under pay-as-bid pricing. IEEE Trans. Power

Syst. 23(4), 1601-1610 (2008).

. Niknam, T. A new approach based on ant colony optimization for daily Volt/Var control in distribution networks considering

distributed generators. Energy Convers. Manag. 49(12), 3417-3424 (2008).

. Niknam, T., Firouzi, B. B. & Ostadi, A. A new fuzzy adaptive particle swarm optimization for daily Volt/Var control in distribution

networks considering distributed generators. Appl. Energy 87(6), 1919-1928 (2010).

. Niknam, T. A new HBMO algorithm for multiobjective daily Volt/Var control in distribution systems considering Distributed

Generators. Appl. Energy 88(3), 778-788 (2011).

. Niknam, T., Zeinoddini Meymand, H. & Doagou Mojarrad, H. A novel Multiobjective Fuzzy Adaptive Chaotic PSO algorithm

for Optimal Operation Management of distribution network with regard to fuel cell power plants. Eur. Trans. Electr. Power 21(7),
1954-1983 (2011).

. Madureira, A. G. & Lopes, J. A. P. Coordinated voltage support in distribution networks with distributed generation and microgrids.

IET Renew. Power Gener. 3(4), 439-454 (2009).

Scientific Reports |

(2024) 14:10889 | https://doi.org/10.1038/s41598-024-61412-9 nature portfolio



www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Wang, J.,, Jin, C., Tang, Q., Xiong, N. N. & Srivastava, G. Intelligent ubiquitous network accessibility for wireless-powered MEC in
UAV-assisted B5G. IEEE Trans. Netw. Sci. Eng. 8(4), 2801-2813 (2020).

Li, W, Chen, Z., Gao, X,, Liu, X. & Wang, J. Multimodel framework for indoor localization under mobile edge computing environ-
ment. IEEE Intern. Things J. 6(3), 4844-4853 (2018).

Li, W. et al. Complexity and algorithms for superposed data uploading problem in networks with smart devices. IEEE Intern.
Things J. 7(7), 5882-5891 (2019).

Liao, Z. et al. Distributed probabilistic offloading in edge computing for 6G-enabled massive Internet of Things. IEEE Intern. Things
7. 8(7), 5298-5308 (2021).

Reza, A. & Saeid, E. Multiobjective daily Volt/VAr control in distribution systems with distributed generation using binary ant
colony optimization. Turk. . Electr. Eng. Comput. Sci. 21(3), 1-12 (2013).

Hasanien, A. E., Hassan, H. E. & Ahmed, M. F. E. Optimal reactive power dispatch using an improved slime mold algorithm.
Electric Power Syst. Res. 202(6), 107457 (2022).

ElSayed, S. K. & Elattar, E. E. Slime mold algorithm for optimal reactive power dispatch combining with renewable energy sources.
Electric Power Syst. Res. 242(11), 107196 (2022).

Ebeed, M., Mostafa, A., Aly, M., Jurado, M. & Kamel, S. Stochastic optimal power flow analysis of power systems with wind/PV/
TCSC using a developed Runge Kutta optimizer. Int. J. Electr. Power Energy Syst. 152, 109250 (2023).

Cao, D. et al. BERT-based deep spatial-temporal network for taxi demand prediction. IEEE Trans. Netw. Sci. Eng. 23(7), 9442-9454
(2021).

Liao, Z., Pang, X., Xiong, J., Xiong, B. & Wang, J. Blockchain on security and forensics management in edge computing for IoT: A
comprehensive survey. IEEE Trans. Netw. Serv. Manag. 19(2), 1159-1175 (2021).

Hasanien, A. E., Ahmed, M. F E. & Hassan, H. E. Multi-objective optimal power flow problems based on slime Mold algorithm.
Electric Power Syst. Res. 236(8), 107140 (2021).

Chen, J., Li, K., Bilal, K., Li, K. & Philip, S. Y. A bilayered parallel training architecture for large-scale convolutional neural networks.
IEEE Trans. Parallel Distrib. Syst. 30(5), 965-976 (2019).

Liu, C,, Li, K. & Li, K. A new service mechanism for profit optimizations of a cloud provider and its users. IEEE Trans. Cloud
Comput. 9(1), 14-26 (2021).

Shekarappa, G., Mahapatra, S. & Raj, S. Voltage constrained reactive power planning by ameliorated HHO technique. In Recent
Advances in Power Systems: Select Proceedings of EPREC Singapore, vol. 21(8), 435-443, (Springer, Singapore, 2020).

Akdag, O., Ates, A. & Yeroglu, C. Modification of Harris hawks optimization algorithm with random distribution functions for
optimum power flow problem. Neural Comput. Appl. 33(3), 1959-1985 (2021).

Jay, D. & Swarup, K. S. Game theoretical approach to novel reactive power ancillary service market mechanism. IEEE Trans. Power
Syst. 36(4), 1-11 (2020).

Ghimire, S., Ali, M. & Pozo, D. Modal Analysis for voltage-stable regime determination: The Nepalese power system case. In
International Youth Conference on Radio Electronics, Electrical and Power Engineering (REEPE), 1-6 (2020).

Li, K., Yang, W. & Li, K. Performance analysis and optimization for SpMV on GPU using probabilistic modeling. IEEE Trans.
Parallel Distrib. Syst. 26(1), 196-205 (2014).

Chen, C,, Li, K., Wei, W,, Zhou, J. T. & Zeng, Z. Hierarchical graph neural networks for few-shot learning. IEEE Trans. Circuits
Syst. Video Technol. 32(1), 240-252 (2021).

Liu, C,, Li, K. & Li, K. A game approach to multiservers load balancing with load-dependent server availability consideration.
IEEE Trans. Cloud Comput. 9(1), 1-13 (2018).

Duan, M., Li, K., Li, K. & Tian, Q. A novel multitask tensor correlation neural network for facial attribute prediction. ACM Trans.
Intell. Syst. Technol. 12(3), 1-22 (2022).

Zhongming, X., Bolong, S., Chang, W., Yongsheng, X., Zhen, L. & Suirong, L. Multiobjective reactive power optimization model
based on ancillary services pricing. In International Conference on Electrical Engineering and Control Technologies (CEECT), 1-6
(2020).

Zhu, J., By, S., Li, X., Muljadi, E. & Terzijad, V. Security and optimization rule-based coordinated generator simultaneous tap
changing dispatch scheme for transmission voltage regulation. Int. J. Electr. Power Energy Syst. 32(9), 1-8 (2020).

Alayande, A. S., Okakwu, I. K., Olabode, O. E., Ike, C. C. & Makinde, A. A. Estimation and allocation of reactive power loss in
interconnected power systems through grid structural characteristics theory. Arab. J. Sci. Eng. 23(8), 1225-1239 (2020).

Saxena, N. K. voltage control by optimized participation of reactive power compensation using fixed capacitor and STATCOM.
Optim. Power Syst. Probl. 19(4), 313-363 (2020).

Lupangu, C., Justo, J. J. & Bansal, R. C. Model predictive for reactive power scheduling control strategy for PV-battery hybrid
system in competitive energy market. IEEE Syst. J. 63(23), 4071-4078 (2020).

Wu, C. & Lai, C. Data-driven diversity antenna selection for MIMO communication using machine learning. J. Intern. Technology
23(1), 1-9 (2022).

Ni, L. et al. PI PUF: A Processor-Intrinsic PUF for IoT. Comput. Electr. Eng. 105(1), 1-11 (2023).

Chen, S, Ge, X., Wang, Q., Miao, Y. & Ruan, X. DDPG-based intelligent rechargeable fog computation offloading for IoT. Wirel.
Netw. 28(1), 3293-3304 (2022).

Ruby, R., Pham, Q. & Wu, K. Enhancing secrecy performance of cooperative NOMA-based IoT networks via multiantenna-aided
artificial noise. IEEE Intern. Things J. 9(3), 5108-5127 (2022).

Zhang, H., Fan, L., Chen, M. & Qiu, C. The impact of SIPOC on process reengineering and sustainability of enterprise procurement
management in e-commerce environments using deep learning. J. Organ. End User Comput. 38(4), 1-14 (2022).

Hussain, M. et al. A multiobjective quantum-inspired genetic algorithm for workflow healthcare application scheduling with hard
and soft deadline constraints in hybrid clouds. J. Organ. End User Comput. 128(6), 1-17 (2022).

Zheng, X. et al. Effects of online whiteboard-based collaborative argumentation scaffolds on group-level cognitive regulations,
written argument skills and regulation patterns. Appl. Soft Comput. 207(3), 1-19 (2023).

Zhu, Y. Q., Cai, Y. M. & Zhang, F. Motion capture data denoising based on LSTNet autoencoder. J. Intern. Technol. 23(1), 11-20
(2022).

Saveetha, P., Robinson, Y. H., Shanmuganathan, V., Kadry, S. & Nam, Y. Hybrid Energy-based Secured clustering technique for
Wireless Sensor Networks. J. Intern. Technol. 23(1), 21-31 (2022).

Liu, L. L,, Chu, S. C., Wang, X. & Pan, J. S. A collaborative dragonfly algorithm with novel communication strategy and application
for multithresholding color image segmentation. J. Intern. Technol. 23(1), 45-62 (2022).

Rostami, S. M. H. & Ghazaani, M. State dependent Riccati equation tracking control for a two link robott. ] Comput Theor Nanosci.
15(3), 1490-1494 (2018).

Salehpour, M. J., Zarenia, O., Rostami, S. M. H., Wang, J. & Lim, S. Convex multiobjective optimization for a hybrid fuel cell power
system of more electric aircraft. Int. Trans. Electr. Energ Syst. 30(11), 1-12 (2020).

Salehpour, M. J., Radmanesh, H., Rostami, S. M. H., Wang, J. & Kim, H. J. Effect of load priority modeling on the size of fuel cell
as an emergency power unit in a more-electric aircraft. Appl. Sci 9(8), 1-21 (2019).

Salehpour, M. J. et al. A stochastic decentralized model for the privately interactive operation of a multicarrier energy system.
Sustain. Cities Soc. 64(9), 1-12 (2021).

Scientific Reports |

(2024) 14:10889 | https://doi.org/10.1038/s41598-024-61412-9 nature portfolio



www.nature.com/scientificreports/

50. Elattar, E. E., Shaheen, A. M., Elsayed, A. M. & El-Sehiemy, R. A. Optimal power flow with emerged technologies of voltage source
converter stations in meshed power systems. IEEE Access 41(6), 166963-166979 (2020).

51. Deng, X. & Lv, T. Power system planning with increasing variable renewable energy: A review of optimization models. J. Clean.
Product. 17(4), 1-40 (2020).

52. Li, K, Tang, X. & Li, K. Energy-efficient stochastic task scheduling on heterogeneous computing systems. IEEE Trans. Parallel
Distrib. Syst. 25(11), 2867-2876 (2014).

53. Wang, H. et al. A Junction temperature monitoring method for IGBT modules based on turn-off voltage with convolutional neural
networks. IEEE Trans. Power Electron. 38(6), 1-21 (2023).

54. Ma, X. et al. Multi-parameter practical stability region analysis of wind power system based on limit cycle amplitude tracing. IEEE
Trans. Energy Conv. 38(4), 2571-2583. https://doi.org/10.1109/TEC.2023.3274775 (2023).

55. Song, J., Mingotti, A., Zhang, J., Peretto, L. & Wen, H. Fast iterative-interpolated DFT phasor estimator considering out-of-band
interference. IEEE Trans. Instrum. Meas. 71(20), 1-17 (2022).

56. Song, J., Mingotti, A., Zhang, J., Peretto, L. & Wen, H. Accurate damping factor and frequency estimation for damped real-valued
sinusoidal signals. IEEE Trans. Instrum. Meas. 71(20), 34-44 (2022).

57. Gao, Y., Doppelbauer, M., Ou, J. & Qu, R. Design of a double-side flux modulation permanent magnet machine for servo applica-
tion. IEEE J. Emerg. Sel. Top. Power Electron. 10(2), 1671-1682 (2021).

58. Fei, M., Zhang, Z., Zhao, W., Zhang, P. & Xing, Z. Optimal power distribution control in modular power architecture using
hydraulic free piston engines. Appl. Energy 44(6), 1-13 (2024).

59. He, T. et al. A highly energy-efficient body-coupled transceiver employing a power-on-demand amplifier. Cyborg Bionic Syst. 30(4),
1-16 (2023).

60. Li, P, Hu, J., Qiu, L., Zhao, Y. & Ghosh, B. K. A distributed economic dispatch strategy for power-water networks. IEEE Trans.
Control Netw. Syst. 9, 356-366 (2022).

61. Duan, Y., Zhao, Y. & Hu, J. An initialization-free distributed algorithm for dynamic economic dispatch problems in microgrid:
Modeling, optimization and analysis. Sustain. Energy Grids Netw. 34(6), 1-12 (2023).

62. Shirkhani, M. et al. A review on microgrid decentralized energy/voltage control structures and methods. Energy Reports 10(8),
368-380 (2023).

63. Liu, G. Data collection in MI-assisted wireless powered underground sensor networks: directions, recent advances, and challenges.
IEEE Commun. Mag. 59(4), 132-138 (2021).

64. Hou, M., Zhao, Y. & Ge, X. Optimal scheduling of the plug-in electric vehicles aggregator energy and regulation services based
on grid to vehicle. Int. Trans. Electr. Energy Syst. 27(6), 1-19 (2017).

65. Lei, Y., Yanrong, C., Hai, T., Ren, G. & Wenhuan, W. DGNet: An adaptive lightweight defect detection model for new energy vehicle
battery current collector. IEEE Sens. J. 23(21), 29815-29830 (2023).

66. Li, S., Zhao, X, Liang, W,, Hossain, M. T. & Zhang, Z. A fast and accurate calculation method of line breaking power flow based
on Taylor expansion. Front. Energy Res. 24(5), 1-22 (2022).

67. Wang, H., Sun, W, Jiang, D. & Qu, R. A MTPA and flux-weakening curve identification method based on physics-informed
network without calibration. IEEE Trans. Power Electron. 38(10), 12370-12375 (2023).

68. Zhou, S., Zhou, G., Liu, X. & Zhao, H. Dynamic freewheeling control for SIDO buck converter with fast transient performance,
minimized cross-regulation, and high efficiency. IEEE Trans. Ind. Electron. 70(2), 1467-1477 (2023).

69. Zhou, S. et al. Stability effect of different modulation parameters in voltage-mode PWM control for CCM switching DC-DC
converter. I[EEE Trans. Transp. Electrif. 31(8), 23-45 (2023).

70. Zhang, H., Wu, H,, Jin, H. & Li, H. High-dynamic and low-cost sensorless control method of high-speed brushless DC motor.
IEEE Trans. Ind. Inform. 19(4), 5576-5584 (2023).

71. Cao, B. et al. RFID reader anticollision based on distributed parallel particle swarm optimization. IEEE Intern. Things J. 8(5),
3099-3107 (2021).

72. Rostami, S. M. H. & Ghazaani, M. Design of a Fuzzy controller for magnetic levitation and compared with proportional integral
derivative controller. J. Comput. Theor. Nanosci. 15(5), 3118-3125 (2018).

73. Bhattacharyya, B. & Karmakar, N. Optimal reactive power management problem: A solution using evolutionary algorithms. IETE
Techn. Rev. 11(6), 541-548 (2020).

74. Ghazaani, M. & Rostami, S. M. H. An intelligent power control design for a wind turbine in different wind zones using FAST
simulator. ] Comput Theor Nanosci 16(7), 25-38 (2019).

75. Wang, Y., Xu, Q. & Zheng, J. The new steady state voltage stability analysis methods with computation loads separation technique
in DC power systems. Int. J. Electr. Power Energy 9(5), 1-8 (2020).

Author contributions
All the authors contributed equally to this work and reviewed the paper.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:10889 | https://doi.org/10.1038/s41598-024-61412-9 nature portfolio


https://doi.org/10.1109/TEC.2023.3274775
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Optimal distribution grid allocation of reactive power with a focus on the particle swarm optimization technique and voltage stability
	Voltage stability margin index
	Optimal reactive power planning model
	Problem objective function
	Equality constraints
	Inequality constraints
	Using particle swarm optimization to solve the second mode optimization
	Conclusions and discussion
	References


